Laser surface hardening process is a very promising hardening method for ferrous and nonferrous alloys where transformations occur during cooling after laser melting in the solid state. This study experimentally characterizes laser surface hardening of tool steel in both water and air. For the underwater operation, laser surface scanning is performed over the tool steel surface which is immersed in water. The laser surface hardening tests are performed with a maximum 200 W fiber laser with a Gaussian distribution of energy in the beam. For the surface hardening, single-track melting experiment which sequentially scans elongated path of single line has been performed. As the hardened depth depends on the thermal conductivity of the material, the surface temperature and the penetration depth may be varied by underwater laser processing. The feasibility of underwater laser surface hardening process is discussed on the basis of average hardness level and hardened bead shape.
Introduction
Lasers have been used in a number of ways to modify the properties of metal surfaces. The most often objective of the laser processing has been to harden the surface in order to provide increased wear resistance [1] [2] [3] [4] . The laser beam irradiates the metal surface and causes very rapid heating of a thin layer of material near the surface. When the beam moves along the surface, the local heat deposited in the thin layer will quickly be conducted away, and the heated area cools rapidly. This is basically self-quenching process of the surface region [5, 6] . Certain metals, notably carbon steel, may undergo transformation hardening by heating followed by rapid cooling [7, 8] . This process yields a locally hardened surface. The hardened depth depends on the thermal conductivity of the material. The surface temperature and the penetration depth may be varied by adjusting the laser power, the surface scan speed, and the focusing of the beam. Greater hardening depths may be obtained by slow scan rate and larger laser power. Laser hardening is suitable for applications that require high hardness with relatively shallow case depth on selected surface areas, with no geometrical distortion [9] [10] [11] .
It can be used for geometries with irregular shapes, grooves, lines, and gear teeth. The automotive industry, in which wear resistance on selected surfaces is desired, has been the most important application area for laser hardening.
As the hardened depth depends on the thermal conductivity of the material, the surface temperature and the penetration depth may be varied by underwater laser processing [12, 13] .
This study experimentally characterizes laser surface hardening of tool steel in both water and air. For the underwater operation, single line laser surface scanning is performed over the tool steel surface which is immersion in water. Underwater effects on laser surface hardening process are estimated and discussed on the basis of average hardness level, melted bead shape, and width of heat affected zone in hardened layer.
Experimental
2.1. Materials. Specimen used in this study is AISI D2 cold worked tool steel. AISI D2 is a high-Cr, high-C tool steel alloyed with Mo and V. Chemical compositions of AISI D2 steel are shown in Table 1 . Table 2 . For the underwater surface hardening experiment, the sample is immersed in distilled water of 25 ∘ C during the laser hardening, as shown in Figure 2 . The sample with water was placed in a cylindrical container. Through the series of preliminary tests in a given laser hardening system, Advances in Materials Science and Engineering the water layer above the sample surface is set to be 1 mm. For the comparison purpose, the laser forming in air is also investigated. The distance between the lens and the sample was kept constant during all experiments. In order to understand the effects of the process parameters such as laser power and scan rate, on the laser hardening behaviors, a series of experiments were conducted. The component properties are strongly influenced by the molten pool size, which is mainly controlled by the laser energy input. For the surface hardening, single-track melting experiment which sequentially scans elongated path of single line has been performed at various laser processing parameters, as shown in Figure 3 .
For the analysis of underwater effects on laser surface hardening process, average hardness level, shape of hardened bead, and width of heat affected zone have been analyzed. Hardness values were measured at hardened layer, HAZ, and base metal, respectively, and averaged.
For the analysis of shape of hardened bead and width of heat affected zone, the bead shape in hardened zone was classified by three geometrical variables: penetration depth into the substrate ( ), deposition width ( ), and HAZ width ( ) as shown in Figure 4. 
Results and Discussion
When the beam moves on, the surface will cool extremely rapidly because of thermal conduction of the heat energy from the thin heated layer into the interior of the metal. This leads to transformation hardening of the areas that the laser beam has traversed. To estimate the underwater effects on laser surface hardening process, shape of hardened bead and average hardness level have been analyzed.
To study the underwater effects on shape of hardened bead, single line beads were produced at different scan rates ranging from 7.32 mm/s, 14.64 mm/s, and 21.96 mm/s, respectively. Figure 5 shows cross-sectional views of single line beads hardened at Ar environment with different scan rates.
The deposition line width, the penetration depth, and HAZ width have a strong dependence on scan rate. An increase in the scan rate decreases the line width, the penetration depth, and HAZ width, since an increase in speed decreases the melting depth as a consequence of the shorter interaction time. In addition, the thermal gradient does not allow sufficient time for the molten metal to penetrate deeply into the substrate. Figure 6 shows cross-sectional views of single line beads hardened at underwater condition with different scan rates.
The effects of scan rates on shape of hardened bead are somewhat similar, but the penetration depth and HAZ width are significantly smaller than those of Ar environment shown in Figure 7 . This is mainly due to the refraction of the beam in water layer, as shown in Figure 8 . The laser spot diameter was changed from 430 m to 380 m at 1 mm water layer. Furthermore, the accelerated heat dissipation along water layer decreases the melting depth as a consequence of the shorter interaction time. Figure 9 compares the hardness for underwater condition with those for Ar environment as a function of scan rates. As the higher heat input (i.e., high laser power and lower scan rate) provides more energy, the temperature of the molten metal increases. High energy input in laser surface hardening has high possibility of increased melting zone. As shown previously, the shape and size of hardened bead generated by laser hardening process are strongly dependent on 3D heat dissipations from molten pool. While, the hardness of hardened layer is mainly determined by microstructure, the cooling rate of molten pool is very crucial for increased hardness. In case of underwater laser hardening, additional heat dissipation effect along water layer accelerates cooling rate. Therefore the hardness of underwater laser hardened layers shows approximately 30% higher hardness than those of laser hardened layers at Ar environment.
Conclusions
The feasibility of underwater laser surface hardening process has been discussed on the basis of hardened bead shape and average hardness level. As the hardened depth depends on the thermal conductivity of the material, the surface temperature and the penetration depth have been varied by underwater laser processing. The shape of hardened bead, such as deposition line width, the penetration depth, and HAZ width are somewhat similar, but the penetration depth and HAZ width are significantly smaller than those of Ar environment due to the refraction of the beam in water layer and the accelerated heat dissipation along water layer. On the viewpoint of hardness, harder layer has been obtained at underwater hardening that is supposed to be caused by faster cooling rate due to accelerated heat dissipation along water layer.
